Abstract This paper investigates the Radio Resource Management (RRM) approaches for GSM/GPRS networks. The effort was put on Access Control(AC), Time-Slot (TS) allocation, and Radio Link Control (RLC) packet scheduling for down-link performance enhancement. A new credit-based algorithm was proposed and implemented in a system level simulator. The simulation results for overall cell throughput as well as throughput per user show an improvement for the proposed scheme in comparison to a Best Effort algorithm, in particular in high-load scenarios.
I. INTRODUCTION
Although GPRS networks are now widely deployed, the traffic volumes in the packet switched domain are still rather low, but they are expected to increase dramatically in the near future. With increasing traffic volumes adequate radio resource management strategies are becoming relevant, namely those should optimize the time-slot utilization for GPRS services while not decreasing the quality of voice services.
Radio Resource Management in GSM/GPRS system is responsible for access control as well as frequency-channel (TRX) and time-slots allocation of GSM voice calls (Circuit Switched) and GPRS data transmission (Packet Switched, using temporary block flows, TBFs [1] ). For GPRS data, scheduling of packet transmissions for multiplexed TBFs is another important task of RRM.
Different RRM policies have been suggested previously, those include "complete-sharing", as well as time-slot reservation schemes for GPRS traffic, see [2] for details. In practical deployment, "Best Effort" strategies with strict voice priority are still widely used, i.e. all the time-slots are completely shared between GSM voice traffic and GPRS data traffic, but voice calls have preemptive priority towards GPRS data transmission. Scheduling of packets for multiplexed GPRS transmissions is often performed using First-In-First-Out(FIFO) or Round-Robin policies.
This paper proposes a new credit-based approach for access control, time-slot allocation, and scheduling in GPRS-like radio access networks (based on TDMA/FDMA). The credit-based mechanism uses measured Carrier to Interference Ratios and has the following advantages, which are proven in extensive simulation experiments in carefully selected scenarios:
• It increases the overall data throughput per cell, while decreasing the Blocking Rate and Access Delay compared to existing Best Effort strategies.
• The mechanism is very simple to implement and does not require complex processing (low computational costs).
• In the chosen approach, GSM voice traffic is still served in strict priority manner. Hence, GSM call blocking probabilities remain predictable using the Erlang-B formula.
II. BEST EFFORT STRATEGY
The RRM strategy called "best effort" for GPRS is the one currently used by mobile operators and does not take Quality of Service (QoS) or propagation conditions into account for either choosing the resources to allocate or scheduling the transmission of RLC blocks. It considers all GPRS users equally and tries to share the available bandwidth fairly among all sessions. Voice GSM users have the absolute priority, and when no resources are available, GPRS users can be downgraded to free a time-slot to be used by the voice user (preemption).More explicit work in best effort policy was investigated in [5] .
A. Resource allocation
GSM users are allocated the first available time-slot starting from the first TRX. If no time-slot is available at the time of an incoming voice call, this call will be allowed to preempt a GPRS time-slot, thus downgrading all GPRS users multiplexed in this TS. The TS selected for preemption will be the first GPRS time-slot starting from the first TRX. In the extreme case where all TS are already taken by voice calls, the incoming GSM call will be blocked.
For GPRS users requiring K channels (depending only on the capabilities of the mobile as QoS is not considered), a TRX will be chosen which will be the last least-loaded one in terms of number of TBF and GSM calls assigned. In this TRX, the K least loaded time-slots will be selected and if less than K TS are available, the maximum amount possible will be allocated. If no TS is available (taken by voice or completely filled by TBFs), the GPRS TBF request will be queued in the access queue, which is FIFO. If the queue is filled, the incoming GPRS TBF request will be blocked.
B. Resource reassignment
During transmission, if a TBF possesses less than K channels due to voice preemption or lack of resources, a TBF reassignment can be done to upgrade the throughput for this TBF.
When resources become free after a congestion period, the priority of TBF assignment goes first to the TBFs having the least resources to improve the user throughput and release resources more rapidly. Once the GPRS upgrades have been done, free resources are given to the access queue to decrease access delay and GPRS blocking rate. 
C. Scheduling
Once a GPRS call has been allocated resources, a scheduling technique is used to choose blocks that have to be sent in TS holding multiple TBFs (multiplexed TSs). In the "best effort" strategy, in order to send blocks fairly in multiplexed TSs, the queue used is a Round Robin queue, meaning that blocks will be sent from a different TBF every block period.
III. CREDIT-BASED RRM STRATEGY
The proposed RRM strategy is based on a credit system implemented at the base station sub-system (BSS). A first credit value is assigned to each TBF set-up request, when it is stored in the access queue. That credit value is derived from the current Carrier to Interference ratio (C/I) of the link to the corresponding mobile. This credit value is relevant for the service policy in the access queue as well as for the time-slot allocation, and later for the RLC Block scheduling. Voice Calls are not subject to the credit mechanism since they are still served in a preemption strict-priority manner.
In the simulated scenario, the grading assigned is the same as the C/I value (in dB) corresponding to this mobile. The main purpose by choosing C/I is to improve the system throughput. Since the link adaptation is employed, the throughput is always considered optimized for a chosen Coding Scheme, which is selected according to C/I (see Table 3 ). In the case we give priority to high C/I values, the throughput per cell should increase and resources should be released more rapidly, thus decreasing the access delay and the blocking rate.
The main features of the new credit-based RRM strategy are summarized in comparison to a Best Effort strategy in Table 1 . Important aspects are described in more detail in the following sections.
A. Access Control
When a new GPRS TBF arrives, it is assigned its initial credit value according to the C/I ratio and its position in the access queue will be determined by the credit value. TBFs with higher credits are selected first, while in case of equal credit values, FIFO is applied.
Moreover, when the access queue is full, the request with the least credit value is blocked, which can be either the last one in the access queue or the incoming one (instead of simply blocking the incoming request, as done in Best Effort strategy). The resource allocation process is described in Figure 1 . TBF requests in the access queue are scheduled whenever time-slots become available that are not fully booked.
Fig. 1. Handling of incoming GSM calls/GPRS TBFs

B. TRX/TS Allocation
In the first step, a least loaded TRX is identified based on the number of time-slots used by GSM calls and based on the number of TBFs already assigned to the TRX. Within the TRX, most suitable time-slots will be selected based on the number of TBFs and their aggregated credit-value. The details of the TRX and TS selection method are described in the following using the example in Figure 2 . Each TS has a grade(GTS) calculated as the sum of all the TBF credits assigned to this TS. The possible availability of a TS for an incoming TBF is calculated by the following expression:
Note that T S available = 0 in case that the number of already assigned TBFs to the TS has reached the maximum, see Table  4 . Besides a TS can be shared by at most 32 TBF due to the Temporary Flow Identifier(TFI) was set to 5 bits. In the example, the grade of the first request waiting in the access queue is 12. For the first TRX, there are 6 TSs allocated to ongoing GSM voice-calls, and only one is free. The availability of this TS is calculated according to the previous Equation (1) to be T S available = 100%, which is then (since it is the only TS in that TRX with availability larger than 0) also the value used to decide the order of the TRX selection. Whereas in the second TRX, the sum of the availability values of the K = 4 (in this implementation , see Table 4 ) least-loaded TSs yields a value of 93%. The GTS values for each TS are shown in the Figure 2 . Although the second TRX has more TSs to be used, the sum of the K availability values yields only 93%, which is less than for the first TRX. In this case, the first TRX is selected allocating the session in only one TS.
C. Scheduling
In the case of multiple TBFs occupying one TS, as mentioned before, the scheduling of the optimized RRM strategy is also based on the grading, which, in our scheme, depends on the C/I value. The probability for i-th TBF in the same TS to use the assigned resource is calculated from its grade (GTBF i ) divided by the sum of all TBFs grades (GTS) in this TS.
Prob(T BFi is scheduled)
For example, assume that there are 3 TBFs assigned to the same TS. The grades are 3, 1, and 6, respectively. Therefore, the probability for the three TBFs to obtain the TS is 30%, 10% and 60%, which guarantees that in the long run the highest graded TBF will have a largest share of the TS to transmit data.
IV. SIMULATION MODEL AND EVALUATION METHODOLOGY
Simulations are performed using a self-developed simulation tool, which is a time-and event-driven network level simulator, where the basic simulation time step is 20ms (1 RLC block time of GPRS). Only the down-link traffic of a single cell is investigated and simulated. Hence the simulation scenario was limited to one Base-Station and multiple Mobile-Stations and only protocol behavior up to RLC layer is considered. The most important assumptions are summarized in Table 2 
A. Mobility and Channel model
The mobility model was assumed as TU3 [3] , a typical case for pedestrian users. The simulated mobiles are uniformly distributed in the cell and their movement is reduced to a small area around their initial position when setting up a voice call or data transmission session, so no mobility tracking was simulated.
The propagation model includes path-loss and log-normal fading while multi-path fading was neglected according to the assumption that ideal random frequency hopping was used. With the same path-loss effects, log-normal fading can be considered as a spatial variation among different users with the same distance from the BTS. We also assume that the received desired signal and the interferers (which have experienced path-loss) are subject to independent log-normal distributed stochastic variations, hence the C/I ratio of the received signal is also subject to log-normal variations:
B. Imported link level results and Link Adaptation
The implemented network simulator implemented the C/I to RLC-Block Error Rate (BLER) mapping based on a look-up table imported from [4] . We have assumed an ideal case where we can measure or estimate the C/I of each user before the real data transmission starts, so we are able to select a coding scheme to achieve the maximum session throughput:
Tab. 3. Proposed Coding Selection
C. Traffic Model
GSM calls arrive according to a Poisson process with rate λGSM and have an exponentially distributed call holding time with rate µGSM . GPRS TBFs arrive according to a Poisson process with rate λGP RS and contain a geometrically distributed number of RLC blocks with a constant mean value. An arriving GSM or GPRS session is assigned with equal probability to any of the mobiles in the radio cell.
D. RLC Functionalities
Simulations are restricted to the RLC layer, where RLC acknowledged mode is assumed: retransmissions are performed on the RLC layer until a successful transmission is achieved or the maximum number of retransmissions (set to 25 in the simulations) has been performed. In the latter case, the TBF containing the unsuccessful RLC block is dropped and its resources are freed.
TBF assignment signalling is modelled by a constant time delay of 20ms.
E. Evaluation Methodology
In the evaluation experiments, the traffic load is increased by simultaneously increasing the GSM and GPRS call arrival rate, keeping λGP RS /λGSM = 2.25 constant. Instead of the actual call arrival rates, the graphs use an equivalent load, measured in Erlangs as the sum of the GSM load and an equivalent GPRS load (calculated as the ratio of GPRS TBF arrival rate and average TBF duration, given it was served at 50kb/s). For each traffic load, 20 replications of the simulation experiment are conducted.
Estimates for the averages and corresponding 95% confidence intervals (shown by dotted curves) are obtained for the following performance parameters:
• Average total throughput of packet traffic (kb/s) per Cell • Average throughput (kb/s) per packet-switched TBF (user perspective) • Blocking Rate of TBFs in the access queue • Access Delay: time from entering the access queue until radio resources (TSs) get assigned V. DISCUSSION OF SELECTED EVALUATION RESULTS Table 4 shows the values used for the simulation. Figure 3 shows the throughput per cell of both strategies. It can be observed that up to a certain traffic load (approx. 20 Erl), the throughput per cell increases with the traffic load for both schemes equivalently. In that region of low utilization, radio resources are not scarce and hence there is little impact of the RRM strategy.
Parameter
A. Throughput per cell
For higher traffic load, the proposed credit-based strategy achieves a significantly higher overall cell throughput. Furthermore, the proposed strategy does not lead to a throughput decrease at the right end of the curve, as it is observed for the best-effort strategy.
This performance enhancement is due to the fact that our grading system prioritizes the GPRS users with higher C/I in the scheduler and the access queue, thus preference is given to users that are using Coding Schemes with higher throughput and those users will experience lower BLER (less retransmissions).
B. Throughput per user
The mean throughput per user decreases with the traffic load as fewer resources are available. For low traffic load, the result is equivalent for both strategies (as explained above), but it can be seen that the Best Effort strategy leads to significantly faster 
C. Access Delay
The access delay for both strategies is close to zero in the region of low load (below 20 equivalent Erl). When the traffic load is increase beyond this region, the best effort strategy leads to rapidly increasing access delays, while the increase is dramatically slower for the proposed credit-based scheme. The intuitive reasoning for that improvement is that in the Best Effort Strategies, TBFs with poor transmission quality can block resources for a long time, since they are only served at very low data rate.
D. Fairness analysis
A possible drawback of the C/I grading system could have been that the throughput gain is mainly achieved for GPRS users with high C/I at the cost of reduced throughput for the users with lower In order to check this hypothesis, the average throughput of users that experience a certain C/I radio quality is shown in Figure  6 . In order to detect the impact of the different RRM strategies, scenarios with relatively high traffic load are selected and shown in that figure. The figure actually reveals that users of all types of C/I quality seemingly benefit from the improved RRM strategy. However, TBF requests that are dropped in the access queue are not contributing to the throughput values in that figure.
VI. CONCLUSIONS AND OUTLOOK
This paper proposes a new credit-based RRM strategy for GPRSlike radio access networks. Compared to best effort strategies, the proposed method shows better utilization of the radio resources in simulation experiments. The scheme is rather simple to implement and it is able to achieve that in high-load scenarios resources are not blocked for long duration by packet-switched calls of low transmission throughput.
Future work aims at upgrading the credit scheme with the notion of Quality of Service classes to improve the user experiences.
Furthermore, modifications to CDMA based systems, such as UMTS, can be considered.
